Mutation induction is considered as an effective way to enrich plant genetic variation, particularly for traits with a very low level of genetic variation. The objectives of this study were to evaluate the effect of different dosages of chemical mutagens on seed germination, seed viability and seedling growth characteristics and to identify optimum treatment conditions for chemical mutagens based on the LD 50 criterion in canola (Brassica napus L.). Two pretreatment conditions of soaking in distilled water and non-soaking, different concentrations of chemical mutagens, and four treatment periods were investigated. The effect of mutagen dosage on seed viability was also assessed using the tetrazolium staining test. Results revealed the significant effects of mutagen dosages and treatment periods on seed viability and seed germination as well as on seedling characteristics for all the mutagens tested. Additionally, it was found that increased dosage and period in each treatment led to significant reductions in seed viability for the tested mutagens. Pretreatment did not significantly influence most of the studied characteristics. The 0.8% ethyl methanesulfonate (EMS) for 6 h, 12 mM N-nitroso-Nethylurea (ENU) and 6 mM sodium azide for 8 h and 9 mM N-nitroso-N-methylurea (NMU) for 4 h were considered as optimum treatment conditions.
INTRODUCTION
Canola (Brassica napus L.) is one of the most important sources of vegetable oils and protein-rich meals worldwide. Canola ranks third in global production of oilseed crops and fifth among economically important crops following wheat, rice, maize, and cotton (FAOSTAT, 2011) . With 7% saturated fats, canola oil contains the least amount of saturated fats among the common edible oils. The polyunsaturated fats in canola oil include the essential fatty acid α-linolenic acid (omega-3) and linoleic acid (omega-6) which help reduce choles-terol in the blood stream. Canola oil is also a good source of vitamins E and K and plant sterols which may keep the heart healthy (McDonald, 2011) . Therefore, canola oil is promoted as one of the healthiest vegetable oils for human consumption.
Availability of genetic diversity and genetic variation is the heart of any breeding program which plays a critical role in developing well-adapted and improved varieties. Mutation induction is an effective tool to enhance the genetic variation available to plant breeders, particularly for traits with a very low level of genetic variation (Szarejko and Forster, 2007) . The high frequency with which certain radiations and chemicals can cause genes to mutate made it feasible to perform genetic studies that were not possible when only spontaneous mutations were available. Consequently, much of our knowledge of genetics of higher organisms is based upon works utilizing induced mutations for analyzing gene function (McCallum et al., 2000) . To date, several welldocumented examples of successful applications of mutation breeding to oilseed crops have been reported in the literature Bacelis, 2001; Bhatia et al., 1999; Ferrie et al., 2008; Fowler and Stefansson, 1972; Kott et al., 1996; MacDonald et al., 1991; Newsholme et al., 1989; Osorio et al., 1995; Parry et al., 2009; Rowland, 1991; Sala et al., 2008; Schnurbush et al., 2000; Spasibionek, 2006; Swanson et al., 1989; Velasco et al., 2008) . Induced mutations have been used mainly to generate variation that could rarely be found in germplasm collections. Mutation techniques have been applied to improve such traits as earliness, semi dwarfness, lodging resistance, disease resistance, yield and quality (Bhatia et al., 1999; Newsholme et al., 1989; Osorio et al., 1995; Parry et al., 2009; Rowland, 1991; Schnurbush et al., 2000) .
About 3088 mutant varieties have been developed according to FAO/IAEA mutant varieties database (FAO/IAEA, 2011) . To date, 198 mutant cultivars of annual oilseed crops including soybean, sesame, canola, sunflower and linseed have been released (FAO/IAEA, 2011) . Soybean with 155 mutant cultivars possesses the highest number of mutant cultivars, followed by sesame with 24 and canola with 15 cultivars. In canola, oil modification has been achieved by using seed and microspore mutagenesis (Ferrie et al., 2008; MacDonald et al., 1991; Velasco et al., 2008) . In spring canola, radiation treatment has been applied to the seeds of "Regent" cultivar and M 5 lines selected with increased oleic acid contents varying from 63 to 79%. In winter canola, chemical mutagenesis was used to isolate two canola mutants of the cultivar "Winfield" with high oleic acid content (Wong and Swanson, 1991) . Mutation breeding in canola has been also used to improve herbicide resistance Sala et al., 2008; Swanson et al., 1988 Swanson et al., , 1989 , disease resistance MacDonald et al., 1991; MacDonald and Ingram, 1986; Newsholme et al., 1989) , and lower glucosinolate content (Barro et al., 2002; Kott, 1998; Kott et al., 1996) . Chemical and physical mutagens are available for mutagenic treatment of crop plants. Nevertheless, several chemical mutagens have been applied of which ethyl methane sulfonate (EMS), Nnitroso-N-methylurea (NMU), N-Nitroso, N-Ethylurea (ENU) and sodium azide are the preferred agents in plant mutation induction (Medrano et al., 1986; Szarejko and Forster, 2007) . Alkylating agents are the most important chemical mutagens used in mutation breeding. They add ethyl or methyl groups to bases in the nucleotide structure, which leads to activating a silent gene, silencing an active gene, or altering a particular gene action (Snustad and Simmons, 2006) . Chemical mutagens have not only been used for forward genetic screens but also used for reverse genetic screens. To date, databases of many gene sequences of model plant species are available, and the prediction of gene function Emrani et al. 12603 on the basis of comparisons among genomes is feasible. It is still necessary to validate those predictions, and the 'reverse genetics' that is based on the mutagenesis of the target gene can been employed. Chemical mutagenesis has a number of inherent attractions such as the ability to use different mutagens, change mutagen doses and to easily scale the size of the mutagenesis procedure. Optimization of the mutation induction conditions in each plant species plays a critical role in the successful employment of the mutagenic events (Padma and Reddy, 1977) . Breeders must be aware of the genetic structure and responses of plant genotype to a mutagen because frequency and type of induced mutation depends on plant genotypic background, mutagen concentration and pre and post-treatment conditions. Mutagen dosage, temperature, pH, pre-treatment and post treatment influence mutagen action, production of M 1 plants, and M 1 viability. These factors vary from plant to plant and from mutagen to mutagen (Fowler and Stefansson, 1972; Kharkwal, 1998) . Mutagen dosage is the most important factor that affects mutation frequency. Hence, defining the optimal dose of a chemical mutagen is one of the most critical steps that have often been complicated by limited knowledge of the effects of environmental conditions and environment by mutagen interaction on both mutagenic and toxic impacts on plant tissues.
Optimal dose can be defined as the dosage leading to adequate genetic variation accompanied by the lowest plant lethality (Snustad and Simmons, 2006) . Mutagen dose, treatment period and their interaction can be considered as the main factors also influenced by pretreatment, temperature, pH, and post-treatment (Hu and Rutger, 1992) . Lethal dose 50 (LD 50 ) is generally used as a criterion to define the optimum mutagenic dose. Bacelis (2001) investigated the effects of different concentrations of EMS, ENU and NMU on variability of two flax varieties and reported 0.025% ENU, 0.012% NMU and 0.3% EMS as their optimal doses. Patil et al. (2011) also introduced 0.1 to 0.2% EMS concentrations as optimum dosages to induce maximum variations in soybean populations. Fowler and Stefansson (1972) evaluated EMS for mutagenesis in rapeseed (B. napus L.) and observed that increasing EMS concentration from 0 to 1.0% adversely affected germination percentage, plant vigor and seed yield. Germination test is an indication of the potential of a seed lot to emerge under field conditions. On the other hand, tetrazolium test is a timely and accurate test for determining seed viability (AOSA, 2000; Karrfalt, 2011) . Landho and Jorgensen (1997) used the tetrazolium test for evaluating Brassica wild species and hybrids and found stained seeds which did not germinate after 2 to 3 days due to dormancy. Therefore, application of both germination and tetrazolium tests, rather than by either one alone, provides complementary evidence of seed viability (Elias et al., 2006) .
When developing mutagenized populations for breeding purposes, forward or reverse genetic analyses, ascertaining the optimum mutation frequency and thus appropriate size of a desirable mutagenized population is crucial. Mutagen treatment is usually applied in such a manner that it produces sufficient lethality while allowing sufficient fertility, so that a high frequency of induced mutations may be recovered in mutagenized population. The objective of this study was to determine the optimal doses and treatment conditions for four chemical mutagens (EMS, NMU, ENU and sodium azide) in canola using seed germination and tetrazolium test.
MATERIALS AND METHODS
Seeds of spring canola cultivar "RGS003" were exposed to four chemical mutagens obtained from Sigma-Aldrich (St. Louis, Missouri, USA) which comprised of ethyl methane sulfonate (EMS, Sigma M0880), N-nitroso-N-methylurea (NMU, Sigma, N4766), Nnitroso-N-ethylurea (ENU, Sigma N8509), and sodium azide (NaN3, Sigma S2002). A 4 × 2 × 4 × 4 factorial design with a completely randomized design having five replications was used. Each replication consisted of a 120 × 20 mm Petri-dish with 100 seeds. Four mutagens, two levels of pre-treatment period including soaking in distilled water for 3 h and non-soaking, four dosages of each mutagen along with control and four treatment periods comprised the experimental factors. Seeds were treated with EMS concentrations of 0 (control), 0.4, 0.8, 1.2 and 1.6% (v/v) for 3, 6, 9 and 12 h periods. For NMU and ENU treatments, the treatments included solutions of 0 (control), 3, 6, 9 and 12 mM for 2, 4, 6 and 8 h. And for sodium azide treatments, seeds were treated with 0 (control), 2, 4, 6 and 8 mM solutions for 2, 4, 6 and 8 h. After mutagen treatments, seeds were rinsed for 30 min with running tap water to completely remove mutagens.
One hundred seeds per treatment were placed on a filter paper in sterilized Petri dishes containing 15 ml distilled water. The Petri dishes were placed in an incubator with 12 h of darkness at the constant temperature of 25±1°C. Germination counts were made after 2, 4, 6 and 8 days of incubation. Seeds were considered germinated when the radicle was at least 3 mm long. For germination percentage, the number of seeds germinated on day 7 was considered. The germination rate index was determined by ∑ ) / ( Di Ni as described by Carlton et al. (1968) , where Ni is the number of seeds germinated between two counting's and Di represents the day of counting. Seedling height and radicle length were determined in centimetres as the mean of 10 seven day-old seedlings per treatment.
Seed viability was tested using a standard tetrazolium test (AOSA, 2000) . To evaluate the effects of different chemical mutagen dosages on seed viability, an experiment was conducted using a factorial experiment (4×4×4) with a completely randomized design replicated three times. Four mutagens, four dosages of each mutagen and four treatment periods were the factors of the experiment. For each treatment, 100 seeds were placed between moist paper towels for 8 h. They were then incubated in 1% (w/v) solution of 2,3,5-triphenol tetrazolium chloride for 24 h at 25 ±1°C. Seeds with stained embryos were scored as viable.
Statistical analysis
The germination percentage data was transformed using arcsin√x (Steel and Torrie, 1980) and then subjected to analysis of variance (ANOVA). Data from seed germination test was analyzed as a 4 × 2 × 4 × 4 factorial experiment with a completely randomized design (CRD), replicated five times. Data from the viability test were analyzed as a 4 × 4 × 4 factorial experiment with a CRD replicated three times. ANOVA was carried out using PROC GLM of SAS (SAS Institute Inc, 2008) . Mean comparisons were conducted using the Fisher's (protected) least significant difference (LSD) test. Linear correlation coefficients (r) were also calculated between pairs of traits.
RESULTS
The results of analyses of variance indicated that mutagen, dosage and treatment period significantly influenced canola-seed germination percentage, germination rate index, radicle length and seedling height (Table 1) . Pre-treatment significantly affected only germination rate and radicle. Among the first-order interactions, mutagen × treatment period and dosage × treatment period were significant for all the traits. For seedling height, second and third-order interactions were significant.
All the main effects (mutagen, dosage, treatment period) along with first and second-order interactions were highly significant for seed viability (Table 2) .
Ethyl methane sulfonate
Average germination percentage reduced with increasing mutagen concentration and treatment period where germination percentage was reduced from 92.7% in the control to 7.9% in the treatment with 1.6% EMS (Table 3) . This trait was also reduced by increasing treatment period from 3 to 12 h where the germination percentage changed from 65.1% in non-presoaked seeds treated for 3 h to 9.25% in presoaked seeds treated for 12 h with EMS. The treatment with 1.6% EMS acting similar to those of 12 h treatment with different concentrations of this mutagen almost blocked seed germination. The highest germination rate index (37.9) belonged to the presoaked control treatment and the least amount was related to the 9 h treatment with 1.2% of EMS in of nonpresoaked seeds (Table 4) .
Seedling height and radicle length also decreased with increasing EMS concentration and treatment period (Tables 5 and 6 ). Pre-soaking did not significantly alter seedling height and radicle length traits. In both pretreatment conditions, treatment periods higher than 6 h affected neither the germination rate nor the seedling height of EMS-treated seeds. Non-presoaked seeds performed superior than presoaked ones in most of the treatments. Mean comparisons of seed viability for the EMS treatment are presented in Table 7 . Seed viability varied between 0 for the treatment with 1.6% EMS for 12 h to 89.7% for the control. Means of germination percentage just like seed viability grouped canola genotypes into 9 different classes. The twelve hour treatment with 1.6% EMS induced the least amount of both germination percentage and seed viability. 
N-Nitroso, N-ethyleurea
Increasing mutagen dosages decreased germination percentage in a way that the presoaked control and the 8 h non-presoaked treatment with 12 mM ENU led to the highest and the lowest amounts of germination percentages, respectively (Table 3) . Treatment of soaked seeds with 6 mM ENU for 6 h yielded the lowest germination rate among the treatments. On the other hand, the 2 h treatment of non-presoaked seeds with 12 mM of this mutagen produced the highest germination rate which was even greater than that of the control (Table 4) . Application of this treatment to non-presoaked seeds also induced the lowest amount of radicle length and seedling height. The six hour presoaked seed treatment with 12 mM ENU had the highest amount of radicle length with no significant difference from the control treatment (Table 5) . Increasing ENU dosage reduced seedling height. Presoaked seeds treated with 3 mM ENU for 8 h produced the highest seedling height, which was even higher than that of the control treatment (Table 6 ). Pretreatment significantly affected germination rate and seedling height of ENU-treated canola seeds. Germination rate was reduced by soaking but pre-soaked seeds had a higher seedling height except for the 2 h treatment with this mutagen (Table 4 ). The highest seed viability belonged to the control treatment, while the seeds treated with 9 mM ENU for 8 h led to the highest reduction in this trait (Table 7) . This trait divided mutant seeds to 13 different groups. Germination percentage also showed high genetic variation and grouped genotypes into 11 different classes.
N-Nitroso, N-methylurea
As expected, the increase of NMU concentration and treatment period reduced germination percentage, germination rate, radicle length and seedling height, but the changes in germination rate were irregular for different NMU concentrations. Control presoaked treatment had the highest germination percentage and rate (Tables 3 and 4) . Two hour treatment of nonpresoaked seeds with 3 mM NMU led to the highest radical length and seedling height (Tables 5 and 6 ). Nonpresoaked seeds treated with 12 mM NMU for eight hours induced the lowest values for all the traits of germination percentage, germination rate index, radicle length, and seedling height. Means of seed viability for NMU treated seeds varied between 91% for control to 36% for the one with 12 mM NMU for 8 h (Table 7) . These two treatment conditions caused the extreme amounts of germination percentage, too.
Sodium azide
Control and 8 mM canola non-presoaked seeds treated with NaN 3 resulted in the highest and lowest mean values of germination percentage, respectively (Table 3) . Increased mutagen significant for the 4 h treatment duration. The least germination rate belonged to the presoaked significant for the 4 h treatment duration. The least germination rate belonged to the presoaked treatment with 4 mM sodium azide for 8 h (Table 4) . In contrast, non-pre-soaked non-treated seeds (control) exhibited the highest mean value of germination percentage (Table 3) . Changes in sodium azide concentration also affected radicle length of mutant seedlings. Non-presoaked seeds treated with 2 mM sodium azide for 6 h produced seedlings with longer radicles than any other treatment. On the other hand, the treatment with 6 mM sodium azide for 6 h induced the least radical length in pre-soaked seedlings (Table 5 ). The highest seedling height belonging to non-presoaked seeds treated with 8 mM sodium azide for 2 h did not vary significantly from the same value recorded for the control treatment under similar non-soaking conditions. The lowest amount of seedling height belonged to 8 h treatment with 6 mM sodium azide in presoaking conditions (Table 6 ). The highest seed viability belonged to control among the studied treatments of NaN 3 (Table 7) . Means of seed viability varied between 51% (8 mM/8 h) and 86.7% (control). Treatment with 8 mM sodium azide for eight hours induced the lowest germination percentage, too. Seed viability means grouped genotypes into 9 different groups, but the variation between genotypes was higher for germination percentage which divided genotypes into 11 different groups.
Correlation coefficients
The results of correlation analysis indicated the highly significant positive relationships between germination percentage, on one side, and germination rate, radicle length, seedling height and seed viability, on the other, in EMS and NMU treated canola seeds (Tables 8). For ENU treatment, significant and positive correlations were observed between germination percentage and germination rate (r=0.56*) and between germination percentage and seed viability (r=0.83**). For sodium azidetreated seeds, no significant relationship was observed between germination percentage and seedling height (Table 8) . A positive and significant relationship was observed between radicle length and seedling height for all the treatments with the exception of ENU treated seeds where this relationship was negatively significant (Table 8) . Correlation coefficients between seed viability and other traits were positive for most of the treatments 
DISCUSSION
Flowering plants are particularly well adapted to random mutagenesis because large, saturated mutant populations can be generated through chemical mutagenesis. Such populations can then be screened for the particular phenotypes using 'reverse screened' tools, which are conducted based on gene sequence for mutations in the target gene (Stephenson et al., 2010) . It is important, therefore, to determine the level of mutagen treatment necessary to achieve the utmost mutation load in an important oilseed crop species such as canola. The interdependence of treatment variables that influence the degree of M 1 seed lethality induced by a mutagen is clearly illustrated by the interactions between mutagen concentration, treatment period and pretreatment observed in this study. When one considers that these are only a few of the treatment variables that could have been investigated, it becomes even more apparent that the reaction of mutagen with the cellular constituents is complex, underscoring the necessity for close control of experimental conditions to ensure repeatable treatment effects (Fowler and Stefansson, 1972) . In this study, inverse relations were found between mutagen concentration and both rate and percentage of M 1 seed germination in canola. These results are in agreement with the findings of previous research with other plants (Afsar et al., 1980; Fowler and Stefansson, 1972; Padavai and Dhanavel, 2004; Singh and Kole, 2005) . In the case of EMS, treatments with 1.2% for 12 h and 1.6% for 9 and 12 h brought complete lethality in both pretreatment conditions (Table 3) . Fowler and Stefansson (1972) reported that increasing of EMS concentration from 0 to 1% adversely affected germination percentage. The interaction between dosage and duration of treatment for germination percentage was significant. This result shows the importance of duration of mutagen treatment in finding an optimal mutagenic dose. Pretreatment had no significant effects on traits in most of the treatments in this study. Soaking increases mutagen penetration into seeds and leads to higher metabolic activities, but there would be no need for presoaking if the duration of treatment with mutagen is long enough (Fowler and Stefansson, 1972) .
In general, EMS treated seeds produced the lowest values for all traits (Tables 3, 4 , 5 and 6). From a germination percentage aspect, mutagens ranked in the following descending order: NMU>sodium azide> ENU>EMS. Therefore, EMS had the highest lethality dose in this experiment so that most seeds treated with 1.6% EMS or treated for 12 h did not even germinate. Hence, to obtain the highest variability and number of suitable mutants, it is inevitable to use lower dosages of this mutagen over shorter treatment periods. In flax, Bacelis (2001) studied the efficiency of chemical mutagens and found ENU as the most efficient mutagen followed by NMU and EMS. Although, a positive correlation is evident to exist between seedling failures and mutation frequency, this relationship is not linear (Afsar et al., 1980; Fowler and Stefansson, 1972) . This is because at higher concentrations of the mutagen, some mutants were eliminated from the population in the first generation, or they became sterile if they did survive. This is due to mutagenic effects on plant genes and/or chromosomal aberrations. The extent of reduction in growth is related to the mechanism of action for a given mutagen. Mutagens may inhibit an energy supply system resulting in the inhibition of mitosis which can be associated with seedling growth depression. Seed's physiological conditions during treatment greatly influence the magnitude of growth depression (Afsar et al., 1980) . Thus, breeders are interested in finding a mutagenic dose that induces adequate mutagenic outcome but which results in low sterility and lethality. Efficiency of the LD 50 criterion has been validated by almost all researchers (Das and Haque, 1997; Gustafson, 1989; Hu and Rutger, 1992; Snustad and Simmons, 2006) . According to this criterion, treatment with 0.8% EMS solution for 6 h has led to 50% lethality compared to that of control (Table 3) . Nevertheless, this mutagenic treatment may be proposed as the appropriate treatment conditions when one considers overall genomic aberrations caused by a higher mutagenic dose. Jabeen and Mirza (2004) subjected Capsicum annum seeds to different treatment levels of EMS (0.01, 0.1 and 0.5%) and two durations of exposure (3 and 6 h) and suggested that using 0.5% EMS for 3 h could induce appropriate morphological mutations. Das and Haque (1997) also studied the responses of sesame seeds to gamma rays and EMS in M 1 generation. In their study, the optimum dosages for mutation induction were 0.7 to 0.9% EMS as determined by the LD 50 criterion. The optimum dosage of EMS for rice was 8 h treatment with 1% EMS according to Padma and Reddy (1977) . Compared to the control, treatment with the 12 mM ENU solution for eight hours and non-soaking pre-treatment induced 50% reduction in germination percentage in canola seeds (Table 3) and this treatment would, hence, be an optimal dose of ENU in mutagenic studies. In the case of NMU, treatments of seeds with the 9 mM solution for 8 h could be proposed for enhancing the mutagen efficiency. This finding also confirms the earlier results of Ramulu (1972) with sorghum who observed that lower dosages of NMU are more efficient than higher concentrations. Mean comparisons of the effect of sodium azide treatment revealed that 8 h non-soaking seed treatment with 6 mM solution of this mutagen induced 50% reduction in germination percentage compared to that of the control treatment (Table 3) . Treatment with the 8 mM sodium azide solution for 4 h was also suitable according to the LD 50 criterion as the two treatments did not significantly differ. The choice of either of these two treatment conditions depends upon experimental conditions and supplements along with breeder's expert opinion. On one hand, application of lower mutagen concentrations is safer because it causes less sterility and abnormalities. From a breeding point of view, however, application of higher mutagen concentrations results in the higher frequency of induced mutations. Hence the first treatment would be a suitable sodium azide treatment condition in this study.
A positive relationship was observed between seed viability and other traits which were highly significant in most treatments (Table 8 ). The strong significant and positive correlation between germination percentage and seed viability revealed that the standard germination test could unbiasedly predict seed viability in canola. In the case of ENU treatment, there was a negative correlation between seedling height and radicle length (r=-0.50*). This inverse relationship may be due to the imbalanced allocation of seed storage to the development of radicle and seedling.
Conclusion
The significant effects of mutagen dosages and treatment periods on seed viability and seed germination as well as on seedling characteristics for the tested mutagens were observed. The 0.8% ethyl methanesulfonate (EMS) for 6 h, 12 mM ENU and 6 mM sodium azide for 8 h and 9 mM NMU for 4 h were considered as optimum treatment conditions. This study was one step toward exploring the most desirable treatment conditions for enhancing mutation efficiency in the canola breeding programs as well as genetic studies. Further research is required to determine the effects of other variables such as genotype, temperature, pH, and post-treatment on mutagen action and M 1 plant survival and reproduction.
